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Amplification of strong ground motions at Heathcote Valley during the
2010-2011 Canterbury earthquakes: The role of 2D non-linear site response
Seokho Jeong and Brendon A. Bradley




This article presents a quantitative case study on the site amplification effect ob-2
served at Heathcote Valley, New Zealand, during the 2010-2011 Canterbury earthquake3
sequence for 10 events that produced notable ground acceleration amplitudes up to4
1.4g and 2.2g in the horizontal and vertical directions, respectively. We performed5
finite element analyses of the dynamic response of the valley, accounting for the re-6
alistic basin geometry and the soil non-linear response. The site-specific simulations7
performed significantly better than both empirical ground motion models and physics8
based regional-scale ground motion simulations (which empirically accounts for the site9
effects), reducing the spectral acceleration prediction bias by a factor of two in short10
vibration periods. However, our validation exercise demonstrated that it was necessary11
to quantify the level of uncertainty in the estimated bedrock motion using multiple12
recorded events, to understand how much the simplistic model can over- or under-13
estimate the ground motion intensities. Inferences from the analyses suggest that the14
Rayleigh waves generated near the basin edge contributed significantly to the observed15
high frequency (f > 3Hz) amplification, in addition to the amplification caused by the16
1
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strong soil-rock impedance contrast at the site fundamental frequency. Models with17
and without considering soil non-linear response illustrate, as expected, that the lin-18
ear elastic assumption severely overestimates ground motions in high frequencies for19
strong earthquakes, especially when the contribution of basin edge-generated Rayleigh20
waves becomes significant. Our analyses also demonstrate that the effect of pressure-21
dependent soil velocities on the high frequency ground motions is as significant as the22
amplification caused by the basin edge-generated Rayleigh waves.23




The strong motion station at Heathcote Valley primary school (HVSC) produced an ex-27
tremely large acceleration time series during the February 2011 Christchurch earthquake,28
where the recorded peak acceleration reached 1.4g in the horizontal component and 2.2g in29
the vertical component (Bradley and Cubrinovski, 2011; Fry et al., 2011; Kaiser et al., 2012).30
The high intensity of this ground motion record may be attributed in part to the proximity31
of the earthquake source, as the source-to-site distance, Rrup, was only 3.9km, based on the32
finite fault model of Beavan et al., (2012). Nevertheless, the peak accelerations may still33
be considered unusually high given the relatively moderate earthquake magnitude of M6.2.34
More importantly, the recorded peak accelerations at HVSC were consistently higher than35
nearby stations throughout the sequence of earthquakes during 2010-2011, which suggests36
strong near surface site effects (Bradley, 2015; Bradley and Cubrinovski, 2011). Bradley,37
(2015) furthermore demonstrated that the recorded motions at HVSC have pseudo spectral38
acceleration (PSA) values systematically higher than empirical predictions at short vibration39
periods throughout the sequence of earthquakes.40
Heathcote Valley, shown in Figure 1, is approximately 10km away to the south-east41
from the central business district of Christchurch, located near the northern end of the Port42
Hills ,where the depth to the volcanics is expected to be shallow (Brown and Weeber, 1992;43
Brown and Weeber, 1994). Based on the wave propagation theory, the large impedance44
contrast resulting from shallow soft soils overlying the competent Port Hills volcanics may45
cause strong amplification of ground motion amplitude in high frequencies which may have46
contributed in part to the observed amplification in PGAs and short period PSAs.47
In addition to the wave amplification caused by the strong impedance contrast based48
on the simple one-dimensional (1D) wave propagation theory, previous studies (Bradley and49
Cubrinovski, 2011; Bradley, 2012; Bradley and Baker, 2015) have also speculated that the50
ground motions at Heathcote Valley may be strongly amplified due to the surface waves51
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generated at the non-planar soil-rock interface near the basin edge (Bard and Bouchon,52
1980b; Kawase, 1996; Bard and Bouchon, 1980a).53
Motivated by the aforementioned observation, and in order to better understand and54
quantify the principal physical phenomena resulting in the consistently large recorded ground55
motions, this study presents the result of site-specific response simulations of Heathcote Val-56
ley, accounting for the non-linear soil response and the realistic basin geometry. We synthe-57
sized detailed site investigation data comprising pre-existing data and recently performed58
geotechnical and geophysical testing to develop a realistic quantitative representation of the59
local geology of Heathcote Valley. Assuming two-dimensional (2D) plane strain conditions,60
dynamic finite element analyses are performed using OpenSees (McKenna, 2011), with de-61
convolved and amplitude-corrected ground motions recorded at the nearby Lyttelton Port62
Company station (LPCC) as input motions at the bedrock level. We demonstrate the perfor-63
mance and limitations of the model by comparing the numerical simulations with recorded64
ground motions at the station HVSC, in terms of acceleration time series and the acceleration65
response spectra. Based on the result of numerical simulations, we provide detailed discus-66
sions on the prominent roles of the shallow basin geometry, soil non-linear response, and67
pressure-dependent dynamic soil properties on the observed amplification of high frequency68
ground motions.69
Observational evidence site effects at Heathcote Valley70
Comparison of recorded motions: HVSC vs nearby stations71
Figure 2 shows the East-West component acceleration time series recorded at HVSC, which72
demonstrates that ground motion recorded at this station during the September 2010 Darfield73
earthquake had significantly larger acceleration compared with nearby stations. Recorded74
motions of subsequent earthquakes at HVSC revealed that this observation was not limited75
to the 2010 September event alone. Throughout the sequence of earthquakes, there was a76
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general tendency that the recorded motions at HVSC have acceleration amplitudes larger77
than the nearby stations. For example, Figure 3 shows the comparison of acceleration time78
series (horizontal fault-normal and vertical components) recorded at HVSC and LPCC, a79
nearby rock station, for three earthquakes: M7.1 04/09/2010, M6.2 22/02/2011, and M6.080
13/06/2011, which clearly demonstrates the large acceleration amplitudes observed at HVSC81
in both the horizontal (fault-normal) and vertical directions.82
Amplification and mode-conversion caused by shallow inclined valley geometry83
During the 2010-2011 Canterbury earthquake sequence, the HVSC strong motion station84
recorded a number of ground motions that show direct evidence of important 2D/3D site85
response. Figure 4 shows an example of how the recorded ground motion is affected by86
the 2D/3D site response for one of the aftershocks at 15 September 2010 (GeoNet public87
ID 3372561, see the Data and Resources section). In particular, this figure shows that the88
recorded vertical motion at HVSC has S-waves as intense as the horizontal motion, whereas89
the recorded vertical motion at LPCC has negligible contribution from the S-wave. The90
lack of S-wave contribution in vertical motion at LPCC suggests near vertical propagation91
of incident seismic waves; it is expected that the wave propagation at HVSC would have92
been also nearly vertical at the bedrock level, as the two stations are only 3km apart from93
each other and the earthquake source is more than 15km away from both stations towards94
the west. Therefore, the high amplitude of S-wave in the vertical motion at HVSC strongly95
suggests the refraction and mode-conversion of waves at the inclined soil-rock interface of96
the valley. Previous studies (Bard and Bouchon, 1980a; Bard and Bouchon, 1980b; Kawase,97
1996) have shown that such phenomenon mostly occurs near the edge of the valley and98
generates surface waves, which can amplify the seismic motion within the valley through99
constructive interference.100
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Comparison with empirical predictions101
Considering that the local geology of Heathcote Valley is characterized by a thin layer of102
soil over the Port Hills volcanic bedrock, it is expected that the dynamic response of this103
shallow soil layer would greatly amplify ground motions at high frequencies. Moreover, as104
speculated by Bradley and Cubrinovski, (2011), further amplification of the ground motions105
is likely due to the surface waves generated at the inclined soil-rock interface.106
Taking advantage of the abundance of recorded earthquakes during the 2010-2011 Can-107
terbury earthquake sequence, Bradley, (2015) demonstrated the systematic site effects of 20108
strong motion stations, including HVSC, by relaxing the conventional ergodic assumption109
(Anderson and Brune, 1999). In that study, the non-ergodic empirical ground motion is110
expressed as:111
lnSAes = fes(Site, Rup) + δBe + δWes
= fes(Site, Rup) + (δL2Ll + δB
0




where lnSAes is the natural logarithm of the observed spectral acceleration (SA), and the112
first, second, and third terms on the right hand side represent the mean prediction of SA,113
the between-event residual, and the within-event residual, respectively. The between-event114
residual is then further separated into the systematic event location-to-location residual,115
δL2Ll, and the remaining between-event residual, δB0el. Similarly, the within-event residual116
is separated into the systematic site-to-site residual, δS2Ss, and the remaining within-event117
residual, δW 0es.118
Figure 5 shows the within-event residuals, δWes for 10 different earthquake events and the119
systematic site-to-site residual, δS2SS (the mean of δWes, which represents the site-specific120
effects), of both HVSC (Figure 5a) and all 20 stations (Figure 5b) for all events considered.121
The site-to-site residual at HVSC clearly demonstrates the amplification at vibration period122
T < 0.5s specific at this station that is significantly greater than the empirical prediction.123
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Comparison with broadband ground motion simulations124
Razafindrakoto et al., (2016) performed a series of regional-scale ground motion simulations125
for the Canterbury region during the 2010-2011 Canterbury earthquake sequence, using the126
hybrid broadband simulation methodology developed by Graves and Pitarka, (2015). Taking127
advantage of a recently developed 3D crustal velocity model of Canterbury region (Lee et128
al., 2016), their simulations of the ground motion amplitude residuals, depicted in Figure 6,129
show a significant reduction (compared with the empirical prediction from Figure 5a, that130
used the same 10 recorded events) of the spectral acceleration residuals at long periods (i.e.131
T > 1s), whereas there is still a significant bias at short vibration periods. In this regard132
it can be noted that the explicit consideration of a 3D crustal model and wave propagation133
physics leads to an improvement for the low frequency (f < 1Hz) portion of the hybrid134
simulation. The high frequency (f > 1Hz) portion of the hybrid simulation, which uses a135
simplified physics-based approach (Graves and Pitarka, 2010; Graves and Pitarka, 2015) and,136
in particular, the empirical site effect model of Campbell and Bozorgnia, (2014), produces137
biased predictions similar to those of the empirical ground motion model of Bradley, (2013).138
2D site response simulation139
Model description140
Motivated by the previously discussed observations, and inability of two conventional ground141
motion modelling approaches to adequately capture high frequency amplitudes observed at142
the HVSC station, we performed a series of two-dimensional non-linear dynamic finite el-143
ement analysis, to examine the role of shallow geological conditions on the surface ground144
motions at Heathcote Valley. Fifteen seismic cone penetration tests (sCPT) and 26 single-145
sensor ambient vibration tests are conducted to characterize the shear wave velocity and146
the thickness of sedimentary soils. Figure 7 and Table 1 summarize the results of the afore-147
mentioned site-characterization study; the details are summarized in (Jeong and Bradley,148
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2016). Figure 7 shows fence diagrams of the cross-sections of 3D shear wave velocity model149
of Heathcote Valley based on the geophysical tests, in which the cross section considered in150
the 2D analyses is marked as ‘N75E’.151
Figure 8 shows the two dimensional mesh geometry, created with the pre/post processor152
GiD (see the Data and Resources section) for the valley cross section (along the bearing of153
N75E). The model comprises 24866 four-node quadrilateral elements, in which the target154
element size is two metres for soil and five metres for rock. In the soil domain we target155
four elements per wavelength, that is eight integration points per wavelength. The minimum156
wavelength is then eight metres, and therefore the maximum frequency is at least 25Hz.157
The non-reflective boundary condition at the base of the model is implemented by em-158
ploying viscous dashpots (Lysmer and Kuhlemeyer, 1969), in which the dashpot coefficients159
are calculated using160
C = ρVSA, (2)
where ρ is the mass density, VS is the shear wave velocity, and A is the tributary length of161
element sides facing the bottom boundary and sharing each boundary node. The periodic162
boundary condition is imposed on the lateral boundaries, after extending the computational163
domain by 600 metres on each side. The incident waves are assumed to propagate vertically as164
plane waves which are then modelled as equivalent nodal forces using the following equation:165
166
p = ρVSAu̇, (3)
where u̇ is the bedrock input velocity. The dynamic constitutive behaviour of Port Hills loess167
is modelled by the Pressure Dependent Multi Yield (PDMY) plasticity model (Yang et al.,168
2003), which assumes a power-law dependency of the shear modulus to the soil effective169
stress.170
For simulating the response of dry soils with the PDMY model, the only necessary pa-171
rameters are the initial modulus (or velocity) that is function of effective stress (or depth),172
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friction angle that defines the strength, and a shear modulus degradation curve that defines173
how stress-strain curve varies with strain. We used the default option for the degradation174
curve, which is called the modified hyperbolic model (Kondner, 1963). The model also re-175
quires some other parametres for simulating the effect of pore water pressure. However these176
parametres are irrelevant for this study and therefore some recommended (by the model177
developers, see the website in the Data and Resources section) values are used.178
In the model, the velocity of soil is then represented by a power law equation which were179
obtained by a regression analysis of the measured velocities:180
VS = 207z
0.25, (4)
where z is the depth from the ground surface. The constitutive behaviour of the underlying181
Port Hills volcanics is modelled with a linear elastic material which adopts the shear wave182
velocity published by Wood et al., (2011). We acknowledge that the actual wave velocity of183
the rock would be a lot more variable For all materials, the Poisson’s ratios are assumed as184
ν = 0.25, and the ground water was not considered. Table 1 summarizes the key parameters185
used in the simulations, and the detailed information on the geophysical investigations can186
be found in Jeong and Bradley, (2016).187
As a requirement for the PDMY model, the analysis is performed in multiple stages.188
Because the PDMY model requires the at-rest confining stress as the initial condition for189
the dynamic analysis, we first perform a linear-elastic gravity analysis with the bottom190
boundaries fixed. After the linear-elastic gravity analysis is done, we then perform the gravity191
analysis with soil plasticity enabled, which will update the stress field to be compatible with192
the soil plasticity model. After the plastic gravity analysis, we release the fixities of the193
bottom boundaries and apply the computed gravity reactions on the boundary nodes to194
satisfy the static equilibrium. This step is required to implement the absorbing boundary195
condition and equivalent force input motion. For time integration, we used the implicit196
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Newmark-beta method, which is unconditionally stable, with ∆t = 0.005s and the number197
of time steps of 16384 for the total duration of about 80 seconds.198
There are two different mechanisms of attenuation in the model: the hysteretic damping199
caused by plastic yielding of soils, and the visco-elastic attenuation which is modelled with200
a stiffness proportional global damping matrix, that has no damping at f = 0Hz, and 1%201
of critical damping at f = 15Hz, linearly varying in frequency.202
Earthquake events selected for the simulation203
GeoNet, New Zealand geological hazard monitoring network, recorded a large set of strong204
ground motions during the 2010-2011 Canterbury earthquake sequence, which include four205
major earthquakes with magnitude M ≥ 5.9 and more than 300 aftershocks of ML > 4.0.206
This study utilizes recorded ground motions of ten selected earthquakes listed in Table 2207
in chronological order, which also shows moment magnitudes (M), source-to-site distances208
(Rrup), peak ground accelerations (PGA), and peak ground velocities (PGV ) recorded at209
stations HVSC and LPCC for each event. The selected earthquake events have moment mag-210
nitudes M4.7 to M7.1, and produced significant ground motions in the urban Christchurch211
area (and thus have good signal-to-noise ratios). In Table 2, both PGA and PGV are for212
the horizontal fault-normal component, and Rrup is the shortest distance from the station213
to the fault rupture surface, where the source-to-site distances Rrup are calculated based214
on the finite fault models by Beavan et al., (2012) for the four largest events (04/09/2010,215
22/02/2011, 13/06/2011b, 23/12/2011b), and based on simplified approximations of the216
finite faults for the smaller events (Bradley, 2015).217
With the absence of a borehole station at the bedrock level, we chose to use the recorded218
motions at LPCC, which is located at the Lyttelton Port approximately 3 kilometres away219
from Heathcote Valley (see Figure 1) on the volcanic rock (VS = 1500m/s) that underlies220
shallow surficial soils (Wood et al., 2011). The recorded LPCC motions are rotated to the221
azimuth of 75 degrees, as the two stations are relatively close to each other and the 2D222
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model of Heathcote Valley is along that azimuth. The recorded motions from LPCC are223
then converted to the bedrock motion via deconvolution from its 1D elastic site response,224
which is done by simply dividing the Fourier transform of LPCC motion by the Thomson-225
Haskell transfer matrix (Haskell, 1953) and subsequently inverse-transforming back to the226
time domain. The amplitudes of the deconvolved motions are then corrected to account227
for the differences in the source-to-site distances between HVSC and LPCC, using a New228
Zealand-specific empirical ground motion model (Bradley, 2013).229
Validation of 2D site response model230
Numerical simulations are validated by comparing the acceleration time series, HVSC/LPCC231
spectral ratio, and acceleration response spectra of simulated and recorded ground motions232
for the ten earthquake events listed in Table 2.233
Acceleration time series234
Figure 9 shows simulated and recorded acceleration time series for the N75E component, for235
the four major earthquake events: M7.1 September 2010, M6.2 February 2011, M6.0 June236
2011, andM5.9 December 2011. All time series shown in the Figure 9 start at the earthquake237
rupture origin time. Since we obtain the input motions from the recorded motions at LPCC,238
the differences in arrival time between recorded and simulated motions originates from the239
difference in arrival times at HVSC and LPCC as a result of different path effects.240
Besides the possible limitations of the model itself (e.g. 2D approximation of a 3D241
problem, pore water pressure effects being ignored, and uncertainties in the constitutive242
parameters), it is expected that the simulated surface motions would be also affected by243
the uncertainties in the amplitude of the estimated input motions and the assumption of244
vertically incident waves (Bard and Bouchon, 1980b; Papageorgiou and Kim, 1993).245
Nonetheless, the similarities between the simulated and recorded ground motions pro-246
vide confidence on the model’s ability to capture the main aspects of the site response at247
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HVSC, despite a number of simplifying assumptions of the model and the aforementioned248
uncertainties.249
Acceleration response spectra250
In addition to the comparison of acceleration time series, we also compared the simulated251
and recorded acceleration response spectra for the four major earthquakes as shown in Fig-252
ure 10. Simulated response spectra overall agree well with observations, however it is clear in253
Figure 10d that the simulated response spectra of M5.9 December 2011 event is significantly254
overestimated in the entire period range. There were also a few other cases among the 10255
events considered in this study, where the simulation either underestimates or overestimates256
the response spectra for the entire period range.257
Considering that the site effects at HVSC would not affect ground motions of wavelengths258
much larger than the basin depth, it was evident that in some events (e.g. 23/12/2011b)259
the amplitude of estimated input motion is considerably different than the observation. The260
reason for this discrepancy is most likely associated with the aforementioned uncertainty in261
the amplitude of estimated input motions. Because the site response is expected to affect262
the surface ground motion only for a certain period range, ground motions at sufficiently263
long periods would not be affected by the shallow site response.264
Therefore, if the amplitudes of input motions are properly estimated, the simulated and265
observed response spectra are expected to be very close to each other at long periods. How-266
ever this was not the case for the December 2011 events and a few others, which demonstrates267
the importance of considering multiple earthquakes for validation of near surface site response268
models.269
Fourier amplitude spectral ratio270
Figure 11 shows the comparison of simulated and recorded Fourier spectral amplitude at271
HVSC, normalized by the recorded Fourier spectral amplitude at LPCC. Before computing272
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the spectral ratios, Fourier amplitude spectra are smoothed using the method by Konno273
and Ohmachi, (1998) with the bandwidth coefficient b = 40. Because of the normalization274
with respect to the recorded LPCC motions that are being used as input motion through275
linear elastic deconvolution analysis, the HVSC/LPCC spectral ratio can provide more direct276
comparison of the shallow site response of Heathcote Valley. Figure 11 shows an excellent277
agreement of the median spectral ratios, where both the simulated and recorded spectral278
ratios show peak median amplification factors of four at the frequency, f ∼ 3Hz. Considering279
the geology of Port Hills, the high impedance contrast between the near surface soils (loess)280
and the Port Hills volcanics would likely dominate such high amplification factor.281
As expected, the standard deviations from simulated and recorded spectral ratios differ282
significantly. The standard deviations of the simulated spectral ratios are much larger in283
frequencies higher than the site fundamental frequency due to the soil non-linear response,284
and negligible in lower frequencies. However, spectral ratios from the recorded motions285
show a large uncertainty in the low frequencies as well. This suggest that even though286
our model assumption–using the LPCC recorded motions as input and assuming vertical287
incidence–may be appropriate on average, simulations of individual earthquake events with288
such assumptions may significantly under- or over-estimate the surface ground motions.289
Interestingly, the uncertainly of recorded spectral ratios is also larger in higher frequencies.290
This is consistent with the result of numerical simulations, which confirms that the soil non-291
linear response contributes to the variability of observed spectral ratios in high frequencies,292
f > 3Hz.293
Response spectra prediction residuals294
Figure 12 shows the residual of the response spectral acceleration, that is defined as:295
r = log(SAObserved) − log(SASimulation) (5)
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On average, the observed and simulated response spectra agree very well with each other296
at long vibration periods (i.e. T > 2s), albeit with a large uncertainty. We emphasize that297
the large uncertainty at long periods is most likely associated with input motion characteri-298
zation uncertainty as discussed earlier, and this demonstrates the importance of considering299
a large number of earthquake events in the simulations. Despite the relatively large variabil-300
ity, the mean residual overall lies closer to zero and is much smaller than both the empirical301
model (Figure 5) and the large scale physics-based ground motion simulation with an em-302
pirical site amplification model (Figure 6), reducing the prediction bias by a factor of two in303
short vibration periods (T < 0.3s). This clearly shows the benefit of explicitly modelling the304
near surface site response, over the use of empirical predictions and 3D large scale ground305
motion simulations.306
The 2D site effects on surface ground motion307
A number of previous studies have demonstrated that the complexity of ground motion308
within the sedimentary valleys increases because of wave interferences, which when con-309
structive, may cause localized amplifications (Bard and Bouchon, 1980a; Bard and Bouchon,310
1980b; Kawase, 1996; Papageorgiou and Kim, 1993; Pedersen et al., 1995; Semblat et al.,311
2005). Figure 13 shows the snapshots of velocity vectors obtained from the simulation of the312
Heathcote Valley model with a Ricker wavelet of f = 6Hz as an input motion. By comparing313
the amplitudes of velocity vectors before and after the wavelet enters the soft sediment layer314
(i.e. Figure 13a and Figure 13b), one can easily observe the effect of the impedance contrast315
on the amplification of ground motions. In addition, Figure 13c and onwards also show the316
Rayleigh waves generated near the basin edge and the Lyttelton rail portal, which further317
amplify the ground motion by interfering with incident and reflected waves.318
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2D vs 1D simulation at HVSC319
To investigate the role of 2D site effects, we compared the HVSC/LPCC spectral ratios320
of 2D and 1D simulations as shown in Figure 14, where the 1D simulations are performed321
using the velocity profile evaluated at the location of the station HVSC (Jeong and Bradley,322
2016). In both 1D and 2D spectral ratios, the fundamental frequencies and the corresponding323
peak amplitudes are quite similar. However, it is clear that the spectral amplitudes in 2D324
simulations are significantly higher at frequencies greater than the site fundamental frequency325
(f0 ≈ 3Hz). On the subject of the wave propagation problem of 2D sediment filled valleys326
subjected to SV waves, Bard and Bouchon, (1980b) have shown that the Rayleigh wave327
modes are excited as soon as the frequency of the incident motion exceeds the fundamental328
frequency of the site. As previously discussed, the steep cut slopes made near the Lyttelton329
rail tunnel is another source of Rayleigh waves. It is expected that those Rayleigh waves330
generated near the basin edge and the rail portal would have made a significant contribution331
to the high spectral ratio via interference with incident and reflected waves.332
Somewhat unexpectedly, the spectral ratio of 1D model shows amplitude higher than the333
2D model in lower frequencies (i.e. f = 0.5− 2Hz in Figure 14); it also shows higher ampli-334
tude than the median recorded spectral ratio. Considering the fact that such overestimation335
only occurs in lower frequencies where the soil response is expected to be small, the most336
logical explanation to this observation would be the topographic deamplification of ground337
motions, caused by the wave scattering due to the slight depression of the valley topography.338
The 2D effects are also evident in Figure 15, which shows the spectral acceleration resid-339
uals for the two different models. While it is apparent that both 1D and 2D models under-340
estimate the spectral accelerations in short periods (T < 0.3s), 2D simulations give overall341
lower residuals as expected.342
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2D effects as function of location along the valley surface343
Discussions on the role of 2D site response so far have only focused on the ground motions344
at the location of the strong motion station HVSC. However, the amplification of ground345
motions caused by the basin effects are known to be location dependent (Kawase, 1996;346
Semblat et al., 2005; Bard and Bouchon, 1980a). To illustrate how the ground motion347
intensities vary along the valley surface, we plotted in Figure 16 the spectral accelerations,348
normalized with respect to the spectral accelerations of the input motions, along the valley349
surface for periods T = 0.1, 0.2, 0.4, and 0.8 s. As expected, it becomes immediately obvious350
that the basin effects become irrelevant as soon as the considered vibration period is long351
enough. At T = 0.4s, which is quite close to the site fundamental period, the maximum352
response seems to occur at the centre of the valley, and the effects of 2D response are not353
yet obvious, other than what is expected from the local 1D response. At short periods (T =354
0.1 and 0.2 s), however, the spatial pattern of spectral accelerations become quite complex,355
and the basin edge effects much more relevant. For T = 0.1s, the median amplification of356
spectral accelerations are as high as three almost everywhere on the valley surface, whereas357
comparable level of amplifications are observed only near the center of the valley for T = 0.4s.358
Topographic amplification is also evident in T = 0.1 and 0.2 s, where peak amplification is359
observed near the crest of the steep cut slopes near the Lyttelton rail tunnel.360
Role of the soil constitutive models361
Hysteretic response of the soils362
Soils exhibit a non-linear hysteretic stress-strain response when subjected to the strong363
shaking. This non-linear behaviour is known to affect the resulting amplitude and frequency364
content characteristics of surface ground motions significantly. Proper modelling of such365
response characteristics is therefore necessary for satisfactory prediction of the ground motion366
intensities.367
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Figure 17 shows the contours of simulated peak strains for the two strongest earthquake368
events: 22/02/2011 and 13/06/2011. Simulated ground strains for these earthquakes were369
particularly high, especially near the Lyttelton rail tunnel; the February earthquake also370
caused significant ground strain near bottom of the basin edge.371
In soil mechanics, shear strain of 0.1% and above is considered large and known to cause372
significant hysteretic behaviour (Ishihara, 1996). It is therefore expected that such high373
ground strain and the associated hysteretic behaviour would significantly alter the charac-374
teristics of the ground motions. To demonstrate the effect of the soil hysteretic response due375
to such strong ground shaking, we performed the same analysis with the plasticity disabled376
within the PDMY model. Figure 18 and 19 show the comparisons of simulated HVSC ac-377
celeration time series and response spectra using the linear elastic and the non-linear soil378
model. Both in the time series and the response spectra, the reduction of the acceleration379
amplitude is evident for the non-linear simulation.380
Pressure dependency381
Granular soils such as the Port Hills loess considered in this study are known to have effective382
stress-dependent elastic moduli and strengths. Shear wave velocity data of the Port Hills383
loess obtained at Heathcote Valley–albeit with some level of variability–behave precisely384
in this manner, and our study have shown that the soil velocity can be modelled with a385
single power law equation as shown in equation (4). This means that the wave velocity of386
soils vary very rapidly near ground surface. However, the majority of studies on the wave387
propagation and site amplification problem have assumed simpler layer-wise homogeneous388
soils, and the effect of such rapid variation of wave velocity near the ground surface has not389
been thoroughly studied.390
Motivated by the simulations performed with the PDMY soil model described previously,391
we conducted an additional set of simulations to investigate the appropriateness of the com-392
monly assumed pressure independent (layer-wise homogeneous) constitutive laws. In this393
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set of simulations, the PDMY soil model was replaced by the pressure-independent multi-394
yield (PIMY) plasticity model–a variant of PDMY model with a constant shear strength and395
modulus across the depth of the soils. Figure 20a shows the comparison of the shear wave396
velocity profiles of the two models. To ensure the two different models are equivalent, we397
chose to use the time-averaged shear wave velocity (i.e. wave travel time from end-to-end of398
soil elements is identical for both model; also the site fundamental frequencies are very simi-399
lar) at HVSC, VS = 360m/s, for the pressure-independent model. The shear strength of the400
pressure independent model is assumed to be τmax = 150kPa as shown in Figure 20b, which401
is slightly higher than the average strength (141kPa) of the pressure dependent model. We402
then compared the SA residual of the pressure-dependent and pressure-independent model403
as in Figure 21, which clearly demonstrates the effect of the soil pressure dependency on the404
surface ground motions. The difference of the SA residual appears insignificant in the vibra-405
tion periods T > 0.5s, where it might seem that the pressure independent model appears406
to perform satisfactorily. However, considering that the site amplification for f < 2Hz is407
found to be negligible as shown in Figure 11, the more likely reason of similarity between408
the two models for T > 0.5s is that the ground motions in this period range are less sen-409
sitive to the smaller length scale variations between the two modelling assumptions. The410
pressure-independent model results in much higher residuals at vibration periods T < 0.5s,411
suggesting that the pressure-independent soil model would significantly underestimate the412
site amplification for such vibration periods.413
Conclusions414
We presented a case study of the site amplification effect observed at Heathcote Valley, New415
Zealand, during the 2010-2011 Canterbury earthquake sequence using the recorded strong416
motion data and the result of numerical simulations of 10 earthquake events that produced417
notable ground motion amplitudes.418
With the aid of a detailed site characterization study and the abundance of recorded419
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ground motion data during the 2010-2011 Canterbury earthquake sequence, our numerical420
model was able to simulate the observed site response reasonably well. In particular, the421
site-specific simulations performed significantly better than both empirical ground motion422
models and physics-based 3D regional scale ground motion simulations (which empirically423
accounts for the site effects). This suggests that carefully performed site-specific response424
simulations may be used where needed, to overcome the limitations of empirical ground425
motion models and regional-scale ground motions simulations.426
However, estimating the bedrock motion from a nearby surface station (LPCC) appears427
to introduce significant uncertainty that is event-dependent. Our validation exercise suggests428
that it was necessary to quantify the level of such uncertainty by use of multiple recorded429
events, to understand how much the simplistic model can over- or under-estimate the ground430
motion intensities.431
By comparing the 2D simulations with a hypothetical equivalent 1D model, we demon-432
strated that the Rayleigh waves generated near the basin edge might have caused significant433
amplification in high frequencies, f > 3Hz, whereas the slightly depressed valley topography434
likely deamplified the ground motions in low frequencies, f < 2Hz.435
Our simulations suggest that the maximum ground strain at Heathcote Valley might436
have exceeded γ = 0.1% for a few events during the earthquake sequence, and such high437
ground strain would have altered ground motion characteristics significantly. The assump-438
tion of linear-elastic soils for such intense ground shaking would certainly over-estimate439
ground motion intensities, especially when the contribution of the basin edge-generated, and440
subsequently trapped, surface waves becomes significant.441
Finally, we showed through our simulations that the effective stress-dependent shear wave442
velocity of granular soils might have an impact, as significant as the 2D valley response, on443
the intensity of high frequency surface ground motions.444
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Data and Resources445
Ground motion records are from GeoNet (http://www.geonet.org.nz). Simulations are per-446
formed with an open-source finite element analysis code, OpenSees (McKenna, 2011), using447
the PDMY soil plasticity model (http://www.soilquake.net/opensees/). The finite element448
mesh is generated using the GiD pre/post processor (http://www.gidhome.com). Figures449
are created using Matplotlib (Hunter, 2007) and the Generic Mapping Tool (Wessel et al.,450
2013).451
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VS ρ ν φ c
[m/s] [Mg/m3] [◦] [kPa]
Soil (PDMY) 207z0.25∗ 1.8 0.25 36 30
Rock1 (Linear Elastic) 800 2.4 0.25 - -
Rock2 (Linear Elastic) 1500 2.4 0.25 - -
∗ z is the depth from the surface
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Table 2: Earthquake events used in the analyses, in chronological
order.
HVSC LPCC
Event date M Rrup∗ PGA† PGV † Rrup∗ PGA† PGV †
(km) (g) (cm/s) (km) (g) (cm/s)
04/09/2010 7.1 20.8 0.61 29 22.4 0.29 19
19/10/2010 4.8 12.8 0.09 3.2 13.1 0.02 0.71
26/12/2010 4.7 4.7 0.11 2.9 7.7 0.02 0.65
22/02/2011 6.2 3.9 1.41 81 7.0 0.92 46
16/04/2011 5.0 7.3 0.68 32 5.2 0.29 8.5
13/06/2011a 5.3 4.7 0.45 14 5.3 0.15 5.4
13/06/2011b 6.0 3.6 0.91 55 5.8 0.64 33
21/06/2011 5.2 14.9 0.26 8.0 15.6 0.07 2.1
23/12/2011a 5.8 9.9 0.31 12.7 11.4 0.24 7.6
23/12/2011b 5.9 9.7 0.44 22 12.4 0.44 23
∗ The shortest source-to-site distance based on Beavan et al., (2012)
† Horizontal fault-normal component
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Figure 1: Locations of strong motion stations (HVSC and LPCC) and epicentres of the
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Figure 2: Example illustration of large amplitude ground motions at HVSC for the
recorded east-west component acceleration time series for the M7.1 2010 Darfield earth-


































Figure 3: Comparison of (a) horizontal fault normal and (b) vertical acceleration time series
at HVSC and LPCC for events M6.0 13/06/2011, M6.2 22/02/2011, and M7.1 04/09/2010.
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(a) (b)
Figure 4: Recorded acceleration time series at (a) LPCC and (b) HVSC for an after-
shock event (15/09/2010): the LPCC record indicates little contribution of refracted/mode-
converted S-waves in the vertical component, whereas for the HVSC record such waves result
in the vertical motion having an amplitude similar to the horizontal components.
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Figure 5: (a) Within-event residuals for individual events, and the site specific effect, δS2S
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Figure 6: Spectral acceleration residuals of HVSC based on the ground motion simulations
of Razafindrakoto et al., (2016), for the same 10 events used in Figure 5. Thin lines represent
the residuals for the individual events
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Figure 7: Fence diagrams showing the 3D VS model of Heathcote Valley. Cross sections
intersecting at HVSC are considered in 2D simulations. Northings and Eastings are in New
Zealand Transverse Mercator 2000 (NZTM2000) projection.
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Figure 8: Two-dimensional mesh geometries and boundary conditions of the simulated valley






































































































Figure 9: Comparison of acceleration time series for the four largest events: (a) 04/09/2010,
(b) 22/02/2011, (c) 13/06/2011b, and (d) 23/12/2011b.
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Figure 10: Comparison of acceleration response spectra for events: (a) 04/09/2010, (b)


























Figure 11: Comparison of simulated and recorded HVSC/LPCC Fourier spectral ratios for
the 10 considered earthquake events. The thicker solid lines represent the median of the
simulation and recorded motions and dashed lines represent the 16th and 84th percentiles.
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Figure 12: Mean and the confidence interval (16th and 84th percentile) of the residuals for
all considered events based on 2D simulations. Mean residuals from the empirical prediction







Figure 13: Snapshots of simulated particle velocity vectors for a Ricker wavelet with f0 =



























Figure 14: Effect of 2D site response on the median HVSC/LPCC Fourier spectral ratios.
Dashed lines show the 16th and 84th percentiles for the recorded motions. For clarity, only
the median spectral ratios are shown for the simulations.
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Figure 15: Comparison of mean SA residuals from 2D and 1D simulations. Dashed lines
represent 16th and 84th percentiles.
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Figure 16: Simulated response spectral accelerations (horizontal component) for (a) T =
0.1s, (b) T = 0.2s, (c) T = 0.4s, and (d) T = 0.8s along the surface of valley cross section.
Recorded normalized spectral accelerations at HVSC are shown as box-and-whisker plots.
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Figure 18: Recorded and simulated acceleration time series showing the effect of non-linear
site response for earthquakes on: (a) 22/02/2011 and (b) 13/06/2011b.
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Figure 19: Simulated acceleration response spectra showing the effect of non-linear site
response for earthquakes on: (a) 22/02/2011 and (b) 13/06/2011b.
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Figure 20: (a) Shear wave velocity profiles and (b) Shear strength profiles at HVSC based
on pressure-dependent and pressure-independent soil models.
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Figure 21: Effect of the pressure dependent shear modulus and strength of the soil on the
simulated SA residual. Dashed lines represent 16th and 84th percentiles.
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